We assessed the uptake rates of nitrate by the scleractinian coral Stylophora pistillata by following 15 considered as an important source of nitrogen for corals, at least when ammonium concentrations are low in seawater.
were then measured. Most of the % 15 N enrichment occurred in the zooxanthellae fraction. Uptake rates were not significantly different between nitrate-enriched and control corals, suggesting that they were not dependent on a nitrate acclimation. These rates increased with the in situ nitrate concentration and varied from 1.2 Ϯ 0.2 ng h considered as an important source of nitrogen for corals, at least when ammonium concentrations are low in seawater.
Nitrate and ammonium are the major sources of nitrogen in the marine environment for primary production (Codispoti 1989) . Reef waters usually contain low levels of inorganic nutrients. The ranges of nitrogen concentrations are typically of 0.3 to 1 mol L Ϫ1 nitrate and 0 to 0.4 mol L Ϫ1 ammonium (Bythell 1990 , D'Elia and Wiebe 1990 , Furnas 1991 . Scleractinian corals thriving in these nutrient-poor waters have developed adaptations for conserving nitrogen. They live in symbiosis with dinoflagellates called zooxanthellae that can take up and retain dissolved inorganic nitrogen from the surrounding seawater (Muscatine 1980; Wilkerson and Trench 1986; Falkowski et al. 1993; Wang and Douglas 1998) or recycled from the host (Rahav et al. 1989) .
Many studies have investigated the uptake of ammonium by cultured and freshly isolated zooxanthellae (D'Elia et al. 1983; Domotor and D'Elia 1984; Yellowlees et al. 1994) as well as by the entire association (Muscatine and D'Elia 1978; Burris 1983; Wilkerson and Trench 1986; Bythell 1990; Hoegh-Guldberg and Williamson 1999; Grover et al. 2002) . Ammonium is assimilated into glutamine through the action of glutamine synthetase. This enzyme is present in both the host and algal fractions. Corals are able to efficiently take up and retain ammonium from seawater, even when concentrations are as low as those measured in reef waters 1 Corresponding author (rgrover@centrescientifique.mc). (Bythell 1990; Grover et al. 2002) . The uptake rates range from 1 to 35 nmol nitrogen (g chlorophyll a)
Ϫ1 h Ϫ1 or 1 to 20 nmol cm Ϫ2 h Ϫ1 depending on the flow rate experienced by the corals and the level of ammonium in seawater (Atkinson et al. 1994) .
Fewer studies have, however, assessed the uptake of nitrate by corals or other symbiotic anthozoans and produced equivocal results. Some anthozoans appear to remove nitrate from seawater (Franzisket 1974; D'Elia and Webb 1977; Webb and Wiebe 1978; Bythell 1990) , whereas others, and all symbiotic anemones, do not (Muscatine and Marian 1982; Muscatine et al. 1984; Wilkerson and Muscatine 1984; Wilkerson and Trench 1986) . Miller and Yellowlees (1989) have questioned the methodology of these experiments and they suggested that depletion could result from bacterial assimilation. However, later studies based on physiological measurements confirmed that nitrate was actually taken up by the symbiotic association (Marubini and Davies 1996; Cook et al. 1997; Shepherd et al. 1999; Ferrier-Pagès et al. 2001) . Nitrate is reduced to ammonium through the action of the nitrate and nitrite reductases (Miller and Yellowlees 1989) . These enzymes have not been isolated in animals but only in plants. Crossland and Barnes (1977) detected them once in zooxanthellae. In phytoplankton, the induction of this enzyme normally occurs after a time lag of a few hours (Vergara et al. 1998 ) and when ammonium is limiting in seawater (Syrett 1981; Berges et al. 1995; Vergara et al. 1998) . However, these properties have not been assessed with corals.
This study therefore investigated for the first time the ability of the scleractinian coral Stylophora pistillata to take up (4) with and without high ambient ammonium concentrations. We have not investigated the effect of flow rates on the nitrate uptake in this series of experiments, since we first wished to assess conditions in which corals were able to take up this form of nitrogen.
Materials and methods
Biological material-Experiments were performed in the laboratory using colonies of the scleractinian coral S. pistillata (Esper 1797), which were collected in the Gulf of Aqaba (Red Sea, Jordan) and maintained several months in the laboratory under conditions described below. Nubbins of about the same size (4 cm long, 2 cm wide) were obtained by cutting terminal portions of branches of eight parent colonies and were used only when the animal tissue entirely regenerated over the skeleton to avoid isotopic exchanges between seawater and bare skeletons. They were maintained in aquaria supplied with oligotrophic Mediterranean seawater with low amounts of nutrients (Table 1) . Metal halide lamps (400 W) (Philips, HPIT) provided a constant irradiance of 350 mol quanta m Ϫ2 s Ϫ1 (photoperiod 12 : 12 h). Salinity and irradiance were measured using a conductivity meter (Meter LF196), and a 4 quantum sensor (Li-Cor, LI-193SA) respectively. Temperature (precision: Ϯ0.05ЊC) was logged at 10-min intervals using a Seamon temperature recorder and varied between 26.5ЊC and 27.5ЊC. During the period of healing, nubbins were slightly fed once a week with the same amount of Artemia salina nauplii (ca. 1,500 artemia L Ϫ1 ). During the experiments, however, nubbins were not fed, since feeding interacts with nitrogen uptake (MullerParker et al. 1988; Grover et al. 2002) .
First set of experiments: Effect of nitrate past history and nitrate concentration-The first experiment was designed to assess the ability of S. pistillata to use nitrate as a nitrogen source, depending on the nitrate past history of the corals. For this purpose, 20 nubbins were randomly divided into four tanks, maintained under the same conditions as above (Fig. 1) . Two tanks were enriched with a solution of sodium nitrate (NaNO 3 ) continuously pumped from a stock solution via a peristaltic pump. The stock solution was made of seawater where NaNO 3 has been added to reach a final concentration of 5.8 Ϯ 0.2 mol L Ϫ1 NaNO 3 . This solution was renewed every day, and was added to the tanks with a constant flow of 1 L h Ϫ1 . The two remaining tanks (control tanks) were kept at in situ concentrations of nitrate. Seawater renewal was the same as in the nitrate-enriched tanks. Nutrient concentrations were monitored in the tanks every 2 d and the mean concentrations are presented in Table 1 . Corals were maintained during 2 weeks under the above conditions. They will be called NC and CC for the nitrate-enriched and control corals respectively.
After pretreatment into these low-and high-nitrate media, nubbins were sampled and incubated in peristaltic pump from the batch solution to the beakers. The flow rate was equal to 7 ml min Ϫ1 . Beakers contained a magnetic stirrer to homogenize the medium and were immersed in a water bath maintaining a constant temperature of 26.5ЊC. Irradiance was kept at 350 mol quanta m Ϫ2 s Ϫ1 . At the end of the 12 h, nubbins were rinsed in a large volume of filtered seawater during 30 min to wash the coelenteron (Tambutté et al. 1995 ) and were processed as described below.
Second set of experiments: Effect of light and ammonium concentration-
The second experiment was designed to investigate the effect of irradiance and ammonium concentrations on the uptake rates of nitrate ( Fig. 1 ). For this purpose, 30 nubbins were incubated during 1 week in four different tanks as described above. Two tanks were enriched with a solution of ammonium (NH 4 Cl) continuously pumped from a stock solution via a peristaltic pump. The stock solution was made of seawater where NH 4 Cl has been added to reach a final concentration of 5.4 Ϯ 0.5 mol L
Ϫ1
. This solution was renewed every day, and was added to the tanks with a constant flow of 1 L h Ϫ1 . The two remaining tanks (control tanks) were kept at in situ concentrations of ammonium. Seawater renewal was the same as in the ammonium-enriched tanks. Nutrient concentrations were monitored in the tanks every 2 days and the mean concentrations of nutrient are presented in Table 1 . Ammonium is taken up faster than nitrate by all the microorganisms present in seawater. There- fore, the concentration in the experimental tanks varied between 3.2 and 4.1 mol L Ϫ1 , which remained three to four times higher than in the control tanks. After 2 weeks, nubbins (15 in each condition) were sampled and incubated during 12 h in individual beakers continuously supplied with 3 mol L Ϫ1 [ 15 N]NO as described above (and containing low mol quanta m Ϫ2 s Ϫ1 incubation were sampled just before the lights switch on, whereas incubations at 0 mol quanta m Ϫ2 s Ϫ1 were performed during the night. At the end of the incubation, nubbins were rinsed to avoid the residual inorganic nitrogen that could remain in the coelenteron, as underlined in Tambutté et al. (1995) , and processed as described below.
Analysis-Tissue extraction: At the end of the incubation with 15 NO , tissues were completely removed from the skel-
eton with an ''air pick'' (air under pressure) and homogenized with a Potter tissue grinder. The homogenate was centrifuged at 2,000 ϫ g for 10 min at 4ЊC to pellet the zooxanthellae. The supernatant was centrifuged again at least two times to pellet residual zooxanthellae (Muscatine et al. 1989 ) and transferred into 25-ml polypropylene tubes. Pellets of zooxanthellae were resuspended and washed three times with filtered seawater to avoid tissue contamination. Tubes containing tissue and zooxanthellae were then immersed in liquid nitrogen and freeze-dried using a Heto lyophilizer (CT 60).
Nitrate uptake rate determination: 15 N/ 14 N isotopic ratios of the animal tissues and zooxanthellae, as well as carbon and nitrogen contents, were determined using a Flash EA 1112 elemental analyzer coupled to a Thermofinnigan Delta plus mass spectrometer via a Conflo III interface. The 15 N enrichment of the samples was recorded as at. % excess: Atom % excess 15 N ϭ (at. % N mes ) Ϫ (at. % N natural ). An enrichment of the coral tissue in 15 N shows that there is a transfer of nitrogen from seawater to the coral compartment. This is a qualitative result since this enrichment depends on the initial seawater enrichment and on the experimental parameters (light, nutrients, etc.). To quantify the nitrogen fluxes between the two compartments (i.e., calculate the uptake rates, ), we used the equation of Dugdale and Wilkerson (1986) , which takes into account several parameters such as the 15 N enrichment in the coral tissue and initially in seawater, the incubation length, and the coral biomass (NOP), which can be different from one sample to another. In this case, results expressed as % 15 N enrichment or as uptake rates might be completely different.
Since it has been shown, either for isolated zooxanthellae (Domotor and D'Elia 1984) or for intact symbiosis (Wilkerson and Trench 1986) , that the uptake of nitrate is constant during the incubation, is expressed in ng N h Ϫ1 cm Ϫ2 in this study.
where N mes is % 15 N measured in the sample; N natural is natural abundance 15 N in control nubbins; N enr is 15 N enrichment of the incubation medium; t inc is incubation time of the nubbins (h); S is nubbin surface area (cm 2 ); M sample is mass of the freeze-dried sample (mg); M N is particulate nitrogen mass (mg) per milligram of tissue or zooxanthellae.
Surface area of the colonies was measured according to the wax recovering technique (Stimson and Kinzie 1991) .
Measurement of nutrient concentrations in the experimental tanks: Nitrite, nitrate, and ammonium concentrations in the culture tanks were measured every day using a Technicon Autoanalyzer (Alliance Instruments) according to Tré-guer and Le Corre (1975) .
Statistical treatments: Differences between treatments were assessed using one-or two-factor analysis of variance (ANOVA). When a significant effect was found, means were compared with a Bonferroni/Dunn post hoc test. Statistical analyses were performed using StatView 4.01 (Abacus Concept). Data are reported as mean Ϯ standard deviation of the mean (SE).
Results
Since the results expressed in % 15 N enrichment and in uptake rates might be different, we have presented both types of results in the following section.
First set of experiments: Effect of nitrate concentration and nitrate past history-There was a significant difference between the nitrate-enriched and control corals concerning the nitrogen content of the zooxanthellae (F 1 ϭ 9.56, P ϭ 0.01) and of the animal tissue (F 1 ϭ 11.14, P ϭ 0.006). There was also a significant difference in the carbon content of the animal tissue (F 1 ϭ 9.32, P ϭ 0.01). The zooxanthellae contained 5.5 Ϯ 0.3 mg cm Ϫ2 N and 33.1 Ϯ 4.4 mg cm Ϫ2 C in the nitrate-enriched corals versus 3.3 Ϯ 0.1 mg cm Ϫ2 N and 25.3 Ϯ 2.0 mg cm Ϫ2 C in the control corals. The animal tissue contained 12.5 Ϯ 2.1 mg cm Ϫ2 N and 73.7 Ϯ 16.6 mg cm Ϫ2 C in the nitrate-enriched corals compared to 7.3 Ϯ 2.1 mg cm Ϫ2 N and 41.7 Ϯ 6.2 mg cm Ϫ2 C in the control corals. The C/N ratios remained unchanged between the two conditions, and were equal to 6.8 for the zooxanthellae fraction and to 6.0 for the animal tissue.
Results expressed in % 15 N enrichment or in uptake rates are represented in Fig. 2 . Most of the 15 N enrichment occurred in the zooxanthellae fraction, which was 10 times enriched compared with the animal fraction (Fig. 2a) . Uptake rates therefore remained three to four times higher in the zooxanthellae than in the animal fraction (Fig. 2b) . Considering the nitrate past history, there was only a significant effect on the % 15 N enrichment of the algal fraction ( Table  2 ). The algae of corals pre-incubated into 5 mol L Ϫ1 nitrate were indeed significantly less 15 N-labeled than algae extracted from control corals (1 against 1.5% 15 N enrichment). There was, however, no effect of the nitrate past history either on the % 15 N enrichment of the animal fraction or on the results expressed in uptake rates (Table 2, Fig. 2 ). These rates were therefore comparable in control corals and in corals pre-incubated in 5 mol L Ϫ1 nitrate. Results of the two-factor ANOVA also showed that there was a strong effect of the nitrate concentration on both the % 15 N enrichments or on the uptake rates ( Second set of experiments: Effect of light and ammonium concentration-There was no effect of the 1-week ammonium enrichment on the C and N content of the nubbins (F 1 ϭ 1.409, P ϭ 0.25). These contents were comparable with those measured in the previous experiment. Results obtained with corals incubated with and without ammonium enrich- (Figs. 3, 4) because of the great difference in the % 15 N enrichments and in the uptake rates measured in the two conditions. In this experiment, the major part of the enrichment was also found in the zooxanthellae that were 2 to 10 times enriched compared to the animal fraction. Results of the two-factor AN-OVA showed a significant effect of the presence of ammonium on the % 15 N enrichments or on the uptake rates of nitrate (Table 3, Figs. 3, 4) . Both results were significantly lower with high ammonium concentrations (3-4 mol L Ϫ1 ) in the incubation medium. In the algal fraction, uptake rates ranged from 0.1 to 0.6 ng h Ϫ1 cm Ϫ2 N in presence of ammonium and from 2.2 to 4.5 ng h Ϫ1 cm Ϫ2 N in control corals. In the animal fractions, these rates ranged from 0.05 to 0.4 ng h Ϫ1 cm Ϫ2 N in presence of ammonium and from 1.2 to 2.2 ng h Ϫ1 cm Ϫ2 N in control corals. High ammonium concentrations in seawater therefore inhibited the uptake of nitrate.
According to the two-factor ANOVA, there was no effect of light on the uptake rates of nitrate, or in the control or in the ammonium-enriched corals (Table 3) . However, each result (obtained with low and high ammonium concentrations) can be considered separately and tested for the effect of light. In this case, the one-factor ANOVA showed a significant effect of light on the uptake rates measured with ammonium-enriched corals, either in the zooxanthellae (F 2 ϭ 10.55, P ϭ 0.002) or in the animal (F 2 ϭ 4.81, P ϭ 0.03) fraction. The uptake rates of nitrate indeed increased with the increase in the light level. In the zooxanthellae fraction, they were six times higher when corals were incubated at 450 mol quanta m Ϫ2 s Ϫ1 (0.57 Ϯ 0.1 ng h Ϫ1 cm Ϫ2 N) than when they were incubated in the dark (0.05 Ϯ 0.02 ng h Ϫ1 cm Ϫ2 N).
Discussion
Nitrate uptake has been investigated in this work using the 15 N technique according to the protocol described in . Ammonium concentrations were kept high (3-5 mol L Ϫ1 ) during the 2 weeks of culture as well as during the uptake experiment. Grover et al. (2002) . 15 N has not been used extensively to assess nitrogen uptake by anthozoans (Muscatine and D'Elia 1978; Burris 1983; Roberts et al. 1999; Lipschultz and Cook 2002) despite its powerful application. Most of the previous studies on nitrate uptake by symbiotic associations have reported uptake from experiments in which nitrate depletion was monitored, usually from a high initial concentration (10 mol L Ϫ1 ), except in three studies where in situ concentrations were investigated (D'Elia and Webb 1977; Webb and Wiebe 1978; Bythell 1990) . We therefore present one of the first attempts to assess nitrate uptake rates by the scleractinian coral S. pistillata at near-natural concentrations and under different environmental conditions using the 15 N technique. Results expressed in % 15 N enrichment and in uptake rates generally led, in this paper, to the same conclusions, except for the first experiment, where there was an effect of the nitrate past history on the % 15 N enrichment but not on the results expressed in uptake rates.
The first set of experiments clearly demonstrated for the first time that there was no need to activate the nitrate reductase of our coral samples by incubating them several days in high nitrate concentrations. This result suggests either that the enzyme is induced by nitrate concentrations Յ1 mol L Ϫ1 or is constitutive. This does not seem to be the case for all anthozoans, since Wilkerson and Muscatine (1984) found no uptake of nitrate by Aiptasia pulchella, even when animals were pretreated for 24 h or 1 month with 10 mol L Ϫ1 NO .
Results obtained have also shown a concentration-dependent nitrate uptake, since uptake rates increased with the increase in the concentration of nitrate in seawater. Rates were five to seven times lower at 0.3 than at 3 mol L Ϫ1 15 NO enrichment, and varied between 1.4 and 8.0 ng h Ϫ1 Ϫ 3 cm Ϫ2 N. This pattern has often been described for the uptake of ammonium by corals (Muscatine and D'Elia 1978; Wilkerson and Trench 1986) . As already observed previously in different marine invertebrates, the 15 N enrichment of the algal fraction was up to 12 times greater than the 15 N enrichment of the host (Wilkerson and Kremer 1992; Hawkins and Klumpp 1995; Swanson and Hoegh-Guldberg 1998; Roberts et al. 1999) , suggesting that the zooxanthellae are the primary site of accumulation of nitrogen. The role of the host in the assimilation of nitrate is not obvious, since no nitrate reductase activity has ever been observed. Moreover, we also measured both higher % 15 N enrichments and higher uptake rates in the algal fraction, suggesting that the algae indeed drive the uptake. As far as ammonium is concerned, the relative role of the host or the zooxanthellae in its assimilation is still controversial. Some studies are in favor of a zooxanthellae assimilation of ammonium (Swanson and Hoegh-Gulberg 1998; Roberts et al. 1999; Grover et al. 2002) , because they measured a 10-times-higher % 15 N enrichment in the zooxanthellae compared with the host. Conversely, some works suggest that the host is primarily involved (Miller and Yellowlees 1989; Szmant et al. 1990; Wang and Douglas 1998; Lipschultz and Cook 2002) . In this latter theory, zooxanthellae only provide carbon and photosynthates to the host, which uses both this carbon and the acquired nitrogen to synthesize amino acids (Wang and Douglas 1998) . Lipschultz and Cook (2002) , in favor of a host assimilation, demonstrated that a higher % 15 N enrichment in the zooxanthellae is only due to a lower nitrogen content of the algae compared with the host. They concluded that the preponderance of nitrogen in host tissue balances a lower degree of labeling. This is not the case for the results obtained in our experiment, since both the % 15 N enrichment and the uptake rates (which take into account the amount of particulate nitrogen) are higher in the zooxanthellae than in the host fraction. Nevertheless, considering that all nitrogen sources have to cross at least two animal membranes to reach the zooxanthellae, the host has therefore a role in nitrate assimilation, whether directly or indirectly. This role remains to be determined.
We also clearly demonstrated that there is an ammoniumdependent uptake of nitrate in the entire coral-algae association, at least in the scleractinian coral S. pistillata. We indeed found that the rates of nitrate uptake were much higher under low (Ͻ1 mol L Ϫ1 ) than under high ammonium concentrations (3-4 mol L Ϫ1 ). This suggests that, conversely to macroalgae, under high ammonium levels, zooxanthellae cannot use ammonium and nitrate simultaneously (Syrett 1981) because their nitrate reductase may be repressed by ammonium (Guerrero et al. 1981) . Except in the study of D 'Elia et al. (1983) , most of the other works performed on freshly isolated or cultured zooxanthellae have shown a similar repression of nitrate uptake by ammonium (Crossland and Barnes 1977; Domotor and D'Elia 1984; Taguchi and Kinzie 2001) . These observations have several implications. Several authors have suggested that in the host, zooxanthellae are exposed to elevated tissue ammonium concentrations due to host catabolism (Crossland and Barnes 1977; Wilkerson and Muscatine 1984) . In this case, this ammonium should have inhibited nitrate uptake unless (1) zooxanthellae are not directly exposed to this catabolic ammonium, (2) corals have low rates of ammonium excretion (Szmant-Froelich and Pilson 1984) , and (3) zooxanthellae in hospite are not subject to ammonium inhibition. Conversely, D'Elia and also suggested that intracellular nutrient concentrations could be very low and that zooxanthellae are in fact N-limited in the host (Cook and D'Elia 1987) . Results obtained in this work are in good agreement with this hypothesis.
This ammonium-dependent uptake of nitrate also seems to affect the relation between light levels and nitrate uptake. Under ambient ammonium concentration in seawater (Ͻ1 mol L Ϫ1 ), there was no significant effect of light on the uptake rates of nitrate. These rates remained unchanged from dark to 450 mol m Ϫ2 s Ϫ1 photons and equal to 3.0 Ϯ 1.7 and 1.8 Ϯ 0.3 ng h Ϫ1 cm Ϫ2 N for the zooxanthellae and animal fraction respectively. The effect of darkness on nitrate uptake has been only tested once on isolated zooxanthellae of the clam Tridacna gigas (Wilkerson and Trench 1986) . Here also, there was no noticeable effect of irradiance on nitrate depletion. With ammonium as a nitrogen source, corals also did not show differences between light and dark uptake rates (D'Elia and Webb 1977; Muscatine and D'Elia 1978; Burris 1983; D'Elia et al. 1983 ) unless they received a period of dark preconditioning well in excess of that of the natural daily cycle (Wilkerson and Trench 1986) . Under high ammonium concentration in seawater, however, there was a significant effect of light on the nitrate uptake rates, with higher uptake under high light. This result suggests that when the fluxes of nitrate are low, the enzyme might not be saturated and might show a light effect. Conversely, when corals experience high fluxes of nitrate (under low ammonium concentrations), all the sites of the enzyme might be saturated, even under low light.
It is rather difficult to compare ammonium and nitrate uptake rates, because few studies have investigated the two nitrogen sources under the same environmental conditions and with the same coral species (D'Elia and Webb 1977; Wilkerson and Trench 1986; Bythell 1990) . When maximal uptake rates of nitrate (measured in this study) are compared with the uptake rates of ammonium obtained for the same species under comparable conditions (Grover et al. 2002) , we found a preferential uptake of ammonium compared with nitrate (uptake rates of one order of magnitude higher). D' Elia and Webb (1977) as well as Wilkerson and Trench (1986) reached the same conclusions for other scleractinian species and the same trend was also noticed for the symbiotic medusae, Linuche unguilata (Wilkerson and Kremer 1992) . Bythell (1990) was the only one to find contrary results, with mean net rates of nitrate uptake exceeding that of ammonium by a factor of two. He explained these results by a variable direction of ammonium flux at low concentrations. His nitrate uptake rates were also 10 times higher than those measured in this study, but a different coral species was investigated, and a different technique was used for uptake rate measurements (in situ depletion). Moreover, the flow might also have been different. Atkinson et al. (1994) indeed demonstrated that the uptake of ammonium may vary by two times during a 10-fold change in water velocity.
On the basis of the nitrogen content of zooxanthellae, and assuming 0.7 ϫ 10 6 zoox cm Ϫ2 (Grover et al. 2002) , it is possible to calculate if an external concentration of nitrate equal to 0.3 mol L Ϫ1 can sustain the growth of the zooxanthellae population. Nitrate uptake rate by the zooxanthellae fraction was estimated equal to 2 fmol h Ϫ1 zoox Ϫ1 N or 48 fmol d Ϫ1 zoox Ϫ1 N. The nitrogen content of these zooxanthellae was found to be equal to 2.3 pmol zoox Ϫ1 N. The external nitrogen supply would therefore support a generation time of 43 d for these algae. Most of the generation times calculated for symbiotic zooxanthellae are lower than 43 d (38 d for Rahav et al. 1989 and 20 d for Szmant et al. 1990) , suggesting that nitrate alone, at a low concentration, can not sustain entirely the growth of the algae. However, when combined with the uptake of ammonium (at in situ concentrations, Grover et al. 2002) , these two nitrogen sources seem to completely satisfy the algal growth requirements. Zooxanthellae have therefore developed adaptations for surviving in their oligotrophic environments (SzmantFroelich and Pilson 1984; Bythell 1990 ) and take advantage of all nitrogen sources available in the surrounding waters.
We made here a first attempt to look at the relation between ammonium and nitrate in the entire symbiosis. The results obtained have shown strong interactions between these two nitrogen sources, but they remain to be further investigated. We have also shown that the uptake of nitrate might be dependent on light when corals are taking both ammonium and nitrate. However, here again, the interactions between the three parameters remain to be further investigated.
